Some studies of fluid mixing and transport by Finn, Matthew David
Finn, Matthew David (2003) Some studies of fluid mixing 
and transport. PhD thesis, University of Nottingham. 
Access from the University of Nottingham repository: 
http://eprints.nottingham.ac.uk/10041/1/thesis-with-figures.pdf
Copyright and reuse: 
The Nottingham ePrints service makes this work by researchers of the University of 
Nottingham available open access under the following conditions.
· Copyright and all moral rights to the version of the paper presented here belong to 
the individual author(s) and/or other copyright owners.
· To the extent reasonable and practicable the material made available in Nottingham 
ePrints has been checked for eligibility before being made available.
· Copies of full items can be used for personal research or study, educational, or not-
for-profit purposes without prior permission or charge provided that the authors, title 
and full bibliographic details are credited, a hyperlink and/or URL is given for the 
original metadata page and the content is not changed in any way.
· Quotations or similar reproductions must be sufficiently acknowledged.
Please see our full end user licence at: 
http://eprints.nottingham.ac.uk/end_user_agreement.pdf 
A note on versions: 
The version presented here may differ from the published version or from the version of 
record. If you wish to cite this item you are advised to consult the publisher’s version. Please 
see the repository url above for details on accessing the published version and note that 
access may require a subscription.
For more information, please contact eprints@nottingham.ac.uk
   






















































































































































































































































































































































































































































































































































































































































































































































¹Ü¹(¶¸·   V  ¼(¶ó· û· 
¶¬¼ ¶¸¼5¼ 












































































































































































































































































 o¡£¢L¤E¥W¤;¦¨§ª©o«ª¥#¤7§ª¬®­.©9§¯°o¯;¥#¢¬H± ©o«ª¬®¥ ²Z§ª³ ¬¢£´I©o«ª¬®¯ﬃ±ﬃ¬°t¤;««µ¤d¶¯E·^°µ³#¤;¥ ¥ ©X¦H¢X¸ §ª³ ©T°µ³#¤;¥ ¥ ©X¦R¹s¤E¦H¦H¢uº¼»½#¾
¤E¥(±º»ﬁ¿£½6À$°o¤;¥ÁI©[°o¯;¥#¢¬H± ©o«ª©X±¼§¯ÁI©t¬HÂZ´(©X«ÂZ©X¤;Á ¦H©9§¯ÁI¯E§ª³W¢_¯.¦®Ãﬃ§ª©X¢V¤;¥#±§¯¼¢_¯.¦®­.©o¥	§X¸#¢¯Z§³(¤7§£¹©
¤E«ª©Z°e¯;¥(¢_¬±ﬃ©o«ª¬H¥ ²tÄÅÃ#¢_§t¤¼¢¬H¥ ²;¦H©ZÂY©XÂ[Á «µ¤E¥#©¼ÆÇ¬kÈ ©;È6¤¼´#¤E«µ¤E¦H¦®©X¦¨É´ ¦¤7§ª©T±ﬃ¬¤E¦H¶ﬃ¢_©X«µÊeÈtË%©w±ﬃ¯¥ ¯;§=´#«©Ì¢_©X¥.§=§³#©
°e¯.««ª©X¢´I¯;¥#±ﬃ¬H¥ ²[¤;¥#¤E¦H¶ﬃ¢_¬¢@·Ç¯.«b§ª³ ¬¢°X¤;¢©;¸	Á Ãﬃ§s¥ ¯E§ª©V§ª³#¤7§s¯;¥ ¦H¶Y§«ª¬®­8¬¤E¦C¤E¦®§©X«ª¤E§¬H¯;¥#¢^§¯T§³ ©L¹¤;¦®¦IÁ(¯.Ã ¥#± ¤;«¶
























































































































































































































































































































































































































































































































































































































"ﬀ  #,Ú 3´k_sÉkTÈ65
ﬁ  l×Ú 3´k_sÉkVÍC5
"ﬀﬁﬂ%  l×Ú 3´k_sÉk
Ù
5









































































































































































































































































































































































































































































eXË&³ ©X¥[°e¯.ÂY´#Ãﬃ§¬H¥ ²V¥8Ã ÂZ©o«ª¬°o¤E¦	¢_¯.¦®Ã §¬H¯;¥#¢C§ª¯V§ª³ ©^·ÇÃ ¦H¦	©XÍ	Ã#¤7§ª¬®¯.¥#¢^ÆgfﬃÈ hji.ÊlkCÆgfﬃÈ hmf;Ê(§ª¯£°e¯.ÂZ´#¤E«ª©@¹u¬¨§ª³§³#©
¤;¢¶8ÂZ´ﬃ§¯;§¬°[¢¯;¦HÃﬃ§¬H¯;¥#¢X¸I¥	Ã#ÂY©X«¬°o¤;¦ö´#«¯.Á ¦®©XÂw¢L¤.¢¢¯ﬃ°e¬¤7§©Ì±¹u¬¨§ª³r§³#©Y¢Âw¤E¦H¦ö­7¤E¦HÃ ©*n+o>pYiﬃÀ?qT°X¤E¥'¤;«¬¢_©.È
r
¯¯.Áﬃ§ª¤;¬®¥'§³ ©Z­7¤E¦HÃ ©Z¯E·ts»uiwv x¼Ã#¢©X±'·Ç¯;«=§³ ©w¤.¢_¶8ÂZ´ﬃ§¯;§¬°T¢¯;¦HÃﬃ§ª¬®¯.¥%´ ¦H¯E§µ¢o¸\¹©ZÃ#¢©[§ª³ ©Z´#¤E«µ¤EÂZ©e§ª©o«µ¢
n¼»Diwvyp.¸zu©»{i¤E¥#±|©Z»{x¼·Ç¯.«¯;Ã «t°o¯;«ª«©Ì¢_´I¯;¥#± ¬®¥ ²¼¥8Ã ÂZ©o«ª¬H°X¤E¦^¢¬®ÂTÃ ¦H¤E§¬H¯;¥#¢XÈ
r
³ ©X¢©Z´#¤E«µ¤EÂZ©e§ª©o«µ¢
±ﬃ¯Z¥ ¯;§u°o«©Ì¤7§ª©=¤;¥	¶w¥8Ã ÂZ©X«¬°o¤;¦I´#«¯.Á ¦®©XÂw¢o¸ ¤;¥#±¼¢_§¬H¦H¦\ÂZ¤;¬®¥	§µ¤E¬H¥¤T¥ ©o².¦®¬H²;¬HÁ ¦H©9­d¤;¦®Ã#©£·Ç¯.«!nY}L·Ç¯;«%~f ¸ ¤E¥


































































































































































































































































































































































































B$ìÌõ  B$ìÌõ¡ Lﬂ	B+ìÌõrè;Ú 3´k_sÉÍNÌ\5



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































XË"©=Ã(¢_©t°o¯EÉ#¯7¹&·Ç¯;«§ª³ ©X¢©t¢_¬HÂ[Ã#¦H¤E§¬H¯;¥#¢X¸ﬃ«ª¤E§³ ©X«§³#¤;¥§ª³ ©ÂZ¯;«ª©9°o¯;ÂZÂZ¯;¥´ ³8¶ﬃ¢_¬H¯;¦H¯;².¬H°X¤E¦C°e¯;Ã#¥.§ª©o«É
#¯7¹¸6ÁI©X°X¤EÃ#¢©¢¯;¦H­	¬H¥ ²¼§³ ©w¯.«ª± ¬®¥#¤;«¶W± ¬	C©o«ª©o¥	§¬¤E¦@©ÌÍ	Ã#¤7§ª¬®¯.¥#¢wÆ f È 
mf;Êgk\Æ f È 
.Êu¥8Ã ÂZ©X«¬°o¤;¦®¦H¶r·Ç¯;«².©o¥ ©X«ª¤;¦
°e¯.Ã ¥	§©X«_É#¯7¹´ «ª¯;Á#¦®©XÂZ¢9¹¯;Ã#¦H±"«ª©XÍ	Ã ¬H«©Z¢_³#¯	¯;§¬H¥ ²r¹u¬®§³>¢_©X­;©X«ª¤;¦×´(¤E«µ¤EÂZ©e§ª©o«µ¢oÈw¡V¦®§³#¯;Ã ².³%§ª³ ¬¢t°o¤;¥%¬H¥
´ «ª¬®¥(°e¬H´ ¦®©ÁI©t±ﬃ¯.¥ ©;¸ ¬®§£¬¢u¤Z«ª¤E§³ ©X«uÂZ¯;«ª©9¢¯;´#³ ¬H¢_§¬°o¤E§©Ì±¥8Ã ÂZ©o«ª¬°o¤E¦6¤;´ ´ «ª¯.¤.°µ³¹u³ ¬°µ³¹¯.Ã ¦H±¥ ¯;§£¤E¦H¦®¯7¹
¢Ã#°µ³¼¤T°e¯;ÂZ´ «ª©o³#©o¥#¢¬®­.©£©8´#¦®¯.«ª¤E§¬H¯;¥w¯E·ö´#¤E«µ¤EÂZ©e§ª©o«¢_´#¤.°e©.¸	².¬®­.©o¥¤d­7¤;¬®¦¤EÁ ¦H©£°o¯;ÂZ´ Ãﬃ§µ¤7§¬H¯;¥(¤E¦C«©Ì¢_¯.Ã «µ°e©X¢XÈ
ÈVÈ
















































































































































































































































































































































































































































































































































































































































































































































µ   ¹º 
 
·   ºû¼ ºþ¼ 8¶  
¹ﬀ ¶ﬂﬁJ  º»· ¼(¶¸· 
}


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ê lisÆÊNÊ  l_s
Ã









QlisÆkNÍ lisÆkÀÈ  l_sËÈVÈ  l_sÆkVÊ  lisÉÊNl
 \  lisÉÊNÞ  lisËm
Ã Ã
sËlVl QlisÉÊTÈ QlisËmdÊ lisÉÊVk QlisÆÊNÍ lis
Ã
Í l_sÉÞNÈ lisÉÍVk
 l_sÆÊNÌ lisËmdÊ  lisÉÊTÈ
Ã
sËlVl lisêÈdl QlisÉÞNm lisÉÌVÍ  l_s
Ã



















Î{³ l_sÆÊVÊ lisÉkTÈ  lisÉÊVÍ lisËÌdÍ lisËmdk QlisÉÞTÈ
Ã
sÉlNl  l_sÉldÍ  l_sÉÌVm  lisÉÍVk
ÎI  lis
Ã


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































µ   ¹º À




































































































































































































ìíð,ñî[ïzð$ÌòYæzß ô7ò*üEUéºéíõçcèzéë2íæiÄzæzíõçcé\íõæ é ÷ç>éæXç¦îYë[Uî[ïzæzß`éß(Xü òNñíë,ñïzûòYë¿ñüûíõæzßzéë
ñéæXç>ëcéßHò<ç5¡[¢ﬁ8ó^íõçcè(ëcòYßzíõïzðS§tý






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































'	)_*,.-+0ﬀﬁ oíõææ¸ïzô\éë,íñ*ò<û_ð,íô8ï`ûò<çcíî[æzðBî %UîYç>è íæXìíðcñíßòYæzß ìíõðcñîYïzðSô\î¬ß`éûðŁ Eî[ë¿ç>è`é

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































pm! yýŁt î[ëd ½
Ã
æzîjñîYëcëcéðcêUî[æzßzíõæzöﬀòYæzòYûõü¸ç>íõñ*òYûhð,î[ûï`çcíî[æNíð56æ`î ó^æ





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































µðcíõæzñé7çcèzé7êzòYë>òYô\éçcéëðcêtòYñéjíð2ôºòYæXüßzíô\éæ`ðcíîYætòYû ýRt î[ë2é÷`òYô\êzûõéió^íùç>è d ¢ ﬀ2
ç>è`éëcé¿ò<ëcé$òYûõëcéòYß`üÄzì[é$êzòYë>òYô\éçcéë,ðaö[î0ì[éëcæzíõæzö8ç>èzéBñëcîYðcððcéñç>íõî[ætòYûPö[éîYôºéç>ë,ü`ætò<ôºéûõü































































































































































































































































ó^íõçcè ðç>íõëcëcíõæzöëcîßzð¿î dìYéëü ð,ô7ò<ûûµëcòYßzíï`ð¢ódéºñî[ïzûõßò<ñèzíéì[é\é$:PéñçcíõìYéºô\íù÷¬íæ`öﬀî ìYéëSò
ïzð,é$ Eïzûò<ëcé*òî ç>èzé.ßzî[ôºòYíæLýæu é$òYßzßzë,éð,ðíæºçcèzíðoðcéñç>íõî[æjç>è`é¢ñî[ë,ëcéðcêUî[æzßzíõæzö8ú¸ïzéðç>íõî[æ





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































õÚÙ à àµào\ä*ãSb ãOSà; ä*Ý ÞxßX~ áä $ÝFµäà\ÝF






































































































































































































































































































































































































































































































































































































































































 [¼~r ]¢éêtòYëç>ô\éæXç2î þë>ò<ßzéjòYæ`ßåæzßzï`ð,ç>ëü[ý}`dèzéôºíõñ*òYûõð2ð,éñç>î[ëî ìYéëì¬íõéó_°nò*ü







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 xú`ý~ ý`üQòYûõñò<æzß tdýú`ýŁNïﬂúúíõîzý iòYë>ò<ûûéû.ñî[ô\êPéç>íùç>íõìYéëcéòYñçcíî[æzðNíæTòçódî
ßzíõôºéæzðcíõî[ætòYûPñètòYîYçcíñwtî0ó¿ý'ïÒ@'0;-sð+?hp-rñY	JK-A
o
q
"
Ã
ﬁ
o
í«
Ã
ﬁk


ÃTDD
ý
Ã

Ã!o
q
 []8ý

ý@üLïzôb`ëcïzæzæ`éæﬀòYæ`ß>\PýåætòYô\ßtòYëý.î0ì[éûLð,ïI2ô\íñëcî[æ\èzíõö[èzûõü8ô8ïzûõçcí.ûò*ü[éëcéß
êUî[ûõüô\éëÄzûô\ð+ Eî[ë,ôºéß>¸üjñî[æXç>íõæ¸ïzî[ïzð<tî0óñètòYîYçcíñ¢ô\íù÷¬íõæzözýïÒ@'0;-¦ð+?hp-rñY	JK-A
o
kﬂ"0
D
í«2
D
m2Iﬀ
ﬁDﬁ
Ã
ý
Ãq
